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Introduction
Controlling the properties of the interface between two immiscible electrolyte solutions (ITIES) have interest in the domains of catalysis [1] or electroanalysis [2] . The ITIES can be modified by either insitu synthesis or by the assembly at the liquid-liquid interface of objects (e.g. nanoparticles or membranes) synthesised ex-situ. Membranes prepared ex-situ have been used for size or charge selectivity [3] [4] [5] or improved sensitivity [6] [7] [8] . Senthilkumar et al. synthesised a zeolite Y, which modified the interface and presented both size exclusion of tetrabutylammonium cations and charge exclusion of tetrafluoroborate and perchlorate anions [3] . Chen and colleagues prepared mesoporous silica supported by a polyethylene terephthalate membrane [9] , which was then used for the detection of folic acid at the ITIES [5] . Sensitivity of electroanalysis at the ITIES was improved by the use of regularly aligned ITIES of micro- [6, 7] or nanoscopic dimensions [8] supported by polymeric [6] or silicon membranes [7, 8] . Another example of ex-situ preparation strategy was the self-assembly of gold nanoparticles at the ITIES to investigate thermodynamic and kinetic aspects of interfacial redox catalysis [10] . In-situ preparation strategies involved the electrochemical synthesis of metallic nanoparticles [11] [12] [13] [14] [15] or of silica deposits [16] [17] [18] [19] [20] [21] . In the case of in-situ modification of the ITIES, the two reactants are present in separate phases and are brought into contact by tuning the interfacial potential difference. Metallic salts are present in one phase and a reducing agent in the other. When both are present at the interface, metallic salts are reduced to form nanoparticles, whose dimensions will depend on the experimental conditions (e.g. interfacial potential difference applied, interfacial tension and pH of the solution [22] [23] [24] ). Toth et al. used a combination of both ex-situ and in-situ strategies for the decoration of graphene flakes with gold nanoparticles on side of the graphene sheet and with palladium nanoparticles on the other side [25] . Surfactant templated mesoporous silica can also be electrogenerated at the ITIES by ion transfer voltammetry [16] [17] [18] [19] [20] [21] . Silica precursor (e.g. tetraethoxysilane, TEOS) is present in the aqueous phase, while the template cation (e.g. cetyltrimethylammonium, CTA + ) is dissolved in the organic phase [18] [19] [20] [21] . The transfer of CTA + to the aqueous phase catalyses the self-assembled condensation of silica, arising from favourable electrostatic interactions between surfactant cations and silanolate species. As for the ex-situ preparation strategy, in-situ modification of the ITIES can be used for electrocatalysis [14] or with the aim of achieving charge and size selectivity [21] .
Another approach for the modification of the ITIES consists of tuning the interfacial pH to trigger a chemical reaction. This method is already used for the electrochemically assisted generation of mesoporous silica and layered double hydroxide materials at the solid-liquid interface [26] . Niedziolka and Opallo reported the deposition of silica at a three phase junction, which was electrochemically assisted [27] . An indium tin oxide electrode was immersed in a biphasic system made of an organic phase with a silica precursor and a sulphite aqueous solution. An anodic potential was applied at the indium tin oxide electrode, which resulted in the oxidation of sulphite to sulphate and the electrochemical generation of protons. At the three phase junction, protons hydrolysed the silanes, which condensed on the electrode. Based on these previous experiments, we suggest to deposit silica at the ITIES by tuning the interfacial pH electro-and photochemically.
We present here a new photoelectrochemical method for varying the interfacial pH to trigger silica condensation at the ITIES. Trimethylbenzhydrylammonium (PH + ) cation is a photoactive compound dissolved in the organic phase, which ion transfer was investigated by cyclic voltammetry. The impact of its photodegradation on the interfacial pH was investigated using a Pt microelectrode covered with iridium oxide as a pH probe. The local pH variation was then harnessed to the acidic condensation of silica at the ITIES. is filtered under vacuum for 30 min. In order to purify the product from KI, it is rinsed three times with 10 mL of distilled water (iodide detection is followed with ion chromatography). The product is centrifuged (15 minutes at 5000 rpm). The product is dried under a vacuum pump and then transferred to a desiccator overnight. PH + TPBCl -is dissolved in acetone and then filtered under gravity using filter paper and left to recrystallize. PH + TPBCl -is a viscous liquid difficult to handle, it is thus dissolved in dichloroethane. Solution is stored at 4°C.
Experimental section

Materials and reagents
Electrochemical set-up
Two electrochemical set-ups were used: (i) a custom-made borosilicate glass cell for cyclic voltammetry experiments; (ii) a SECM setup for pH measurements. For cyclic voltammetry, a fourelectrode set-up was used: a platinum mesh and a Ag/AgCl wire were used as counter and reference electrodes in each phase. The second experimental set-up was used for the pH measurements. It was a custom-made SECM setup adapted from the instrument developed by Sensolytics (Bochum, Germany) [29] [30] [31] [32] . The pH was measured locally by potentiometry using a Pt microelectrode modified with iridium oxide and connected to a Keithey 6430 high impedance potentiometer. The microelectrode position was positioned at 1µm from the interface with shearforce detection by using two piezoelectric plates (Piezomechanik Pickelmann, München, Germany) attached to the electrode and electrically connected to a lock-in amplifier (Signal Recovery, model 7280) [33] . The liquid-liquid interface was supported by a silicon membrane (100 µm thick) pierced with an array of 8 pores (ø = 50 µm) arranged in a hexagonal compact structure. The pore center to center distance was 500µm. The sensitive frequencies used to position the microelectrode tip at a distance of 1 µm from the silicon wafer were between 170 and 270 kHz, the microelectrode was then moved over the liquid-liquid interface. A similar set-up was already used for scanning electrochemical microscopy measurements [29, 31, 32] . The iridium oxide pH probe was then used with a liquid-liquid electrochemical cell and a mercury short-arc lamp (120 W) as an irradiation source (HXP 120 UV lamp from LOT-Oriel). In the case of macroscopic liquid-liquid cells, both organic and aqueous solutions were illuminated, whereas the SECM set-up was illuminated from the aqueous side as illustrated in Figure 1 .
Preparation of the pH probe
Electrodes were prepared according to a protocol previously described [34] . A 25 µm diameter platinum wire (purity 99.9%; hard, Goodfellow SARL, France) was inserted and pulled in a quartz capillary using Laser Puller (P-2000; Sutter Instrument Company, USA). The Pt wire was electrically connected with a copper wire covered by a conducting epoxy resin (EPO-TEK®) before treatment at 80
°C for 2 h. The electrodes have been polished on silicon carbide films (Struers, Denmark). The solution for iridium oxide deposition was prepared following a previous report from Yamanaka [35] . 0.15 g IrCl4 (≥99.9%, Aldrich), 1 mL of H2O2 30% w/w (Acros organics), and 0.5 g of oxalic acid dehydrate (99%, Rectapur) were added slowly under stirring to 100 mL of water within a period of 60 minutes.
Potassium carbonate (Merck) was then added to adjust the pH at 10.5, leading to a pale yellow solution. This solution was left at room temperature for 48h. The resulting pale blue solution was then stored at 4 °C before use. Electrodeposition of Iridium oxide was performed by cyclic voltammetry at a scan rate of 50 mV s -1 from 0 to 1.3 V. 10 cycles was typically used. The electrode was calibrated between pH 4 and 7, before and after the experiment. A drift of 0.2 pH unit was observed between the two sets of calibration.
Instrumentation
Electrochemical experiments were either run with a PGSTAT 302N from Autolab (Metrohm, Switzerland) or with a EMStat 3+ from Palm Instruments BV (Houten, Netherlands) connected to a differential electrode amplifier to accommodate the four-electrode cell.
Advances of the PH + photolysis was followed by high performance liquid chromatography. The mobile phase was made of 40% acetonitrile, 60% aqueous buffer (water: phosphate buffer (pH 7.1) v/v 5:1), and the stationary phase was a Chromolith® Performance column (RP18e 100-4.6 mm). UV detection was set at 220 nm and the mobile phase flow rate was 3 mL min -1
. Photodegradation products were analysed by mass spectrometry using a MicrOTOF-Q (Bruker). The samples were introduced by electrospray ionisation.
Results and Discussion
Interfacial pH control by photoelectrochemistry at the ITIES After metathesis, PH + TPBCl -was dissolved in the organic phase and its electrochemical behaviour was investigated ( Figure 2 ). PH + transferred from the organic to the aqueous phase at a potential E 1/2 = + 0.31 V. The peak to peak separation, E, was 54 mV (i.e. not far from the expected value of 59 mV) and the ratio between the forward and the reverse peak currents was close to unity. The peak current increased linearly with the square root of the scan rate for the range of scan rates between 5 and 25 mV s -1 ( Figure 2B ). These results indicate that the transfer of PH + is a reversible and diffusion-controlled . The electrochemical behaviour of PH + confirms that its presence in the aqueous phase can be controlled by electrochemistry at the ITIES. PH + is a photochemically active molecule whose degradation can be responsible for pH changes [28] .
In order to confirm that PH + can be used to tune the interfacial pH, a series of experiments was designed to measure the pH. An experimental set-up, based on a Pt microelectrode, modified with iridium oxide, serving as a pH probe, was designed to measure by potentiometry the pH changes caused by the photoelectrochemistry of PH + at the liquid-liquid interface (Figure 1 ). Two electrochemical circuits are set: (i) a potentiometric cell made of an iridium oxide pH probe and a reference electrode; (ii) a potentiostatic cell with reference and counter electrodes in the aqueous phase and a silver/silver chloride acting as both a counter and a reference electrode for the organic phase. The pH probe is connected to a piezoelectric module for accurate positioning using shearforce detection. The initial pH of the bulk solution was measured at pH 6.5. The ion transfer of PH + was controlled by the application of an interfacial potential difference E = +0.15 V and the irradiation lamp was switched on for a period of 70 minutes. For pH measurements during the photoelectrochemical experiments, the iridium oxide probe was positioned 1 µm above the interface. The pH measured locally was plotted as a function of time ( Figure 3 ). The pH dropped from pH 6.5 down to pH < 2 after 70 minutes. Once the interfacial potential difference was set back at open-circuit potential and the irradiation lamp was switched off, the pH probe was moved back to the bulk of the solution where the pH was measured at pH 7.5, indicating that only the pH at the interface was decreased. A calibration curve of the pH probe was recorded before and after each series of photoelectrochemical experiments (Inset of Figure 3 ). The calibration curve showed little variation confirming that the pH probe was still operational. A control experiment was run in the absence of PH + in the organic phase. The pH at the interface remained around pH 6 for the duration of the experiment confirming that the photodegradation of PH + is responsible for the pH variation. Figure 4 shows the pH of the bulk aqueous phase after a series of potentiostatic experiments at various applied potentials held for 150 and 420 s in the absence of PH + . When positive potential differences was applied, (0.0 < E < + 0.4 V), the pH of the bulk aqueous phase remained at the initial value of pH 6. However, when negative potentials were applied (-0.4 < E < 0.0 V), a significant rise of the bulk pH values was observed. The pH changes were obtained indifferently in the absence or in the presence of PH + , suggesting that pH changes were due to another phenomenon. Phenolphthalein was added to the aqueous phase as a pH indicator (colourless at pH < 7, it shows a dark purple colour at pH > 8). When the potential difference was held at +0.4 V, no colour change was observed in the aqueous phase, whereas the aqueous solution turned purple near the counter electrode at E = -0.4 V (inset of Figure 4 ). The pH changes monitored in the bulk were due to the generation of OH -ions when negative potentials were applied, demonstrating the need for local measurement of pH to monitor interfacial processes. The counter electrode must be placed far from the interface to avoid contamination by the side reactions.
In order to determine the mechanism of the pH changes, PH + photolysis products after ion transfer were investigated by HPLC ( Figure 5 ) and mass spectrometry. PH + ions were transferred from the organic phase to the aqueous phase, under irradiation, at a potential difference of +0.15 V for 50 min. Based on these experiments, PH + is transferred from the organic to the aqueous phase, where they are photodegraded to form a carbocation, which reacts with water to give diphenylmethanol, one proton and other products derived from trimethylamine. These findings are in agreement with the literature [28, 37] . The reaction rate between water molecules and diarylmethyl cation was previously determined to be 1.3 × 10 8 M -1 s -1 [37] , indicating that diphenylmethanol is formed very rapidly after the C-N bond is cleaved. It is unlikely that trimethylamine (pKa 9.70 [38] ) would be formed predominantly as it would react readily with the proton to form trimethylammonium ions and would then determine the pH. It is more likely that trimethylamine radicals are formed during the photolysis and that they recombine with other organic molecules present, from either the organic electrolyte salt or from dichloroethane molecules dissolved in the aqueous phase. The pH of the aqueous phase is then determined by the protons released by the photoelectrochemical reaction (Scheme 1). This could explain the drop of pH from slightly acidic conditions (pH around 6.2 before the photoelectrochemistry) to more acidic conditions (i.e. pH 3-4 after photoelectrochemistry) but not down to values as low as pH 1. There are several explanations possible to such a large pH drop (i) the lack of stability of the iridium oxide pH electrode at pH < 2; (ii) the fact that the irradiation might also occur in the organic phase. The potentiometric response of iridium oxide electrodes are stable at pH ranging from 2 to 12 [39] and hence might not be suitable to measure pH values lower than 2. It might contribute to overestimate the pH value, although it cannot alone explain this value of pH 1. Another explanation can be the irradiation of PH + in the organic phase, reacting with water molecules dissolved in the organic phase and thus releasing protons which would transfer spontaneously to the aqueous phase (Scheme 1). This was confirmed by the irradiation of a macroscopic electrochemical cell 1 at open circuit potential for 60 minutes. As a result, the bulk pH dropped from 5.5 to 3.5. In addition, the CVs of PH + before and after irradiation for 40 minutes are shown in Figure 6 . The electrochemical cell was at open circuit potential during the irradiation. The peak currents measured for the PH + transfer dropped from 129.6 µA to 69.3 µA (for the forward scan) and from 131.4 µA down to 44.5 µA (for the reverse scan) indicating that PH + ions were photodegraded. Furthermore, a strong background current is recorded at the positive end of the potential window, which is consistent with a significant increase of proton concentration in the aqueous phase. The resulting protons are then transferred spontaneously to the aqueous phase and thus contribute to further decreasing the pH (Scheme 1).
Since the changes of local pH were significant enough, the photoelectrochemistry of PH + was then used to trigger the hydrolysis and condensation of TEOS at the liquid-liquid interface.
Photoelectrochemically induced generation of mesoporous silica at the ITIES
Previous works have shown that silica can be electrodeposited at the ITIES by the transfer of cationic surfactant (e.g. cetyltrimethylammonium) from the organic phase to the aqueous phase containing hydrolyzed silica precursor [18] [19] [20] [21] . The surfactant ion acts both as a catalyst for silica condensation and as a structure driving agent. Liquid -liquid interfaces can also be modified with silica using a reversed system where the precursor (i.e. TEOS) is dissolved in the organic phase and the surfactant (i.e. CTA + Br -) in the aqueous phase [27, 40] . TEOS is only hydrolyzed at the interface where it is in contact with protons from the aqueous phase and then condensation can occur. Niedziolka and Opallo investigated the electrochemically assisted sol-gel process at a three phase junction [27] . An indium tin oxide electrode was immersed in a biphasic system, which consisted in a sulphite aqueous solution and an octyltriethoxysilane solution in nitrobenzene. The oxidation of sulphite at the ITO electrode led to the electrogeneration of protons, which caused the silane hydrolysis at the interface and eventually the deposition of a strip of silica at the three phase junction by the means of an acidic condensation.
In our case, the biphasic system consisted of a 5 mM NaCl solution and of an organic solution wormlike structure was observed in all three cases, suggesting that mesopores can also be formed in the absence of surfactant. This had already been observed by Léonard and Su during the preparation of aluminosilicate materials by a bulk sol-gel process [42] .
Conclusions
The photoactive quaternary ammonium cation (trimethylbenzhydrylammonium -PH + ) was synthesised and characterised electrochemically at the ITIES. The photodecomposition of the PH + in the protic solvents was studied and the formation of diphenylmethanol in the aqueous phase, as one of the products of photolysis, was confirmed. The transfer and photochemical properties of PH + were then exploited to tune locally the pH of the aqueous phase. Due to the water reduction occurring at the aqueous counter electrode, the pH variation close to the interface could not be followed from bulk pH measurements. Iridium oxide modified Pt microdisc electrodes were thus used to study the pH changes at the local scale and the results have shown that the PH + transferred and photodecomposed in the aqueous phase increased dramatically proton concentration. The local pH drop, from ca. 6 to less than 2 was finally used to trigger the acidic condensation of silica at the ITIES. 
